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a b s t r a c t 
Understanding the heat transport in the scrape-off layer (SOL) and the divertor region is essential for the 
design of large fusion devices such as ITER and DEMO. Current scalings for the power fall-off length λq 
in H-Mode [1] are available only for the outer divertor target at low densities with low recycling divertor 
conditions. For the divertor power spreading S only an empirical scaling for ASDEX Upgrade L-Mode is 
available based on global plasma parameters [2]. Modelling using SOLPS shows a dependence of S on 
the divertor electron temperature [3]. A more detailed analysis of the heat transport forming λq and S 
is presented for ASDEX Upgrade L-Mode discharges in hydrogen (H), deuterium (D) and helium (He). For 
low densities the power fall-off length λq,o on the outer divertor target in H and D is described by the 
same parametric dependencies as the H-Mode scaling [1] but with a larger absolute size of the power 
fall-off length in L-Mode. 
The divertor power spreading S is studied using the local divertor measurements of the target elec- 
tron temperature T e,tar and density n e,tar . It is found that the competition of the diffusive transport parallel 
and perpendicular to the magnetic ﬁeld forming S ∝ √ χ⊥ /χ|| is dominated by the temperature depen- 
dence of parallel electron conduction. For high divertor temperatures the ion gyro radius has a signiﬁcant 
contribution to S , resulting in a minimum of S at ∼30 eV. 
A recent study [4] with an open divertor conﬁguration found an asymmetry of the power fall-off
length between inner and outer target with a smaller power fall-off length λq,i on the inner divertor 
target. Measurements with a closed divertor conﬁguration ﬁnd a similar asymmetry for low recycling di- 
vertor conditions. It is found, in the experiment, that the in/out asymmetry λq,i / λq,o is strongly increasing 
with increasing density. Most notably the heat ﬂux density at the inner divertor target is reducing with 
increasing λq,i whilst the total power onto each divertor target stays constant. It is found that λq,o exhibits 
no signiﬁcant density dependence for hydrogen and deuterium but increases with about the square root 
of the electron density for helium. The difference between H,D and He could be due to the different 
recycling behaviour in the divertor. These ﬁndings may help current modelling attempts to parametrize 
the density dependence of the widening of the power channel and thus allow for detailed comparison to 
both divertor effects like recycling or increased upstream SOL cross ﬁeld transport. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Understanding and predicting the heat ﬂux proﬁles on the di-
ertor is mandatory for the development and operation of large
usion devices. So far most of the studies on the target heat load
ave been carried out on the outer divertor target in low recy-
ling H-Mode conditions. On ASDEX Upgrade recent studies have
een conducted to investigate the scrape-off layer and divertor
eat transport in low to medium recycling L-Mode conditions. For∗ Corresponding author. 
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Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.11.011 he outer divertor target a scaling for the power fall-off length λq 
ith similar parametric dependencies as the H-Mode scaling [1] is
ound which has about twice the absolute magnitude in L-Mode
ompared to H-Mode. These studies have extended the observation
o both the inner and the outer target with an open [4] and closed
5] divertor conﬁguration using high resolution infrared thermog-
aphy [6] . For both conﬁgurations an asymmetry of λq between the
nner and the outer divertor target has been observed with λq be-
ng smaller on the inner divertor target compared to the outer di-
ertor target for low recycling conditions. For the closed divertor
onﬁguration a density dependence of the in/out asymmetry is ob-
erved whereas no density dependence has been observed for the
pen divertor conﬁguration. nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Modelling results of the divertor broadening S in dependence of the target 
electron temperature. Red symbols are the modelling results, the blue line shows 
the analytic result using the two point model and assuming constant parallel heat 
ﬂux density [11] . (For interpretation of the references to colour in this ﬁgure legend, 
the reader is referred to the web version of this article.) 
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gAssuming diffusive heat transport in the divertor region and an
exponential heat ﬂux proﬁle at the divertor entrance the proﬁle is
described by the convolution of the exponential with a Gaussian
[1] . 
q (s ) = q 0 
2 
exp 
( (
S 
2 λq 
)2 
− s 
λq f x 
) 
erfc 
(
S 
2 λq 
− s 
S f x 
)
(1)
Where q 0 is the peak heat ﬂux of the exponential, λq is the power-
fall off length, S is the width of the Gaussian, f x is the magnetic
ﬂux expansion in the divertor compared to the outer midplane
and s is the target coordinate relative to the strike line position.
Makowski [7] showed that for this proﬁle shape the effective width
λint is approximated as the sum of λq and S . 
λint ≈ λq + 1 . 64 S (2)
For the prediction of the heat load onto the divertor target both λq 
and S need to be understood. 
2. Divertor power spreading 
The divertor power spreading has been studied in ASDEX Up-
grade for L-Mode discharges [2,3,5] . L-Mode conditions were cho-
sen to obtain stable divertor conditions. For the power spreading S
in the divertor it was found for the outer target that the increase
of S with decreasing target electron temperature T e,tar is due to the
strong decrease of parallel electron heat conduction and the result-
ing higher diffusion time from the divertor entrance to the diver-
tor target [3,5] . For high target temperatures ( T e,tar > 30 eV) it was
found that the ion-gyro radius r g resulting from the ion heat trans-
port in the sheath has to be taken into account. 
S = 1 . 42 r g 
f x 
+ 2 . 11 T −1 . 28 e,tar n 0 . 66 e,tar A −0 . 84 B −1 . 33 pol (3)
Where T e,tar and n e,tar is the electron temperature and density at
the divertor target. A is the mass number of the main ion and B pol 
is the averaged poloidal magnetic ﬁeld [1] . 
B pol = 
μ0 I p 
2 πa 
√ 
1+ κ2 
2 
(4)
Where I p is the plasma current, a the minor radius and κ the elon-
gation of the plasma. Assuming that S is originating from a diffu-
sive process the following estimation is done. 
S = l x 
√ 
χ⊥ 
χ|| 
(5)
Where l x is the connection length between the divertor entrance
and the target and χ⊥ ( χ || ) is the perpendicular (parallel) heat dif-
fusivity. Assuming electron heat conduction for parallel heat trans-
port the temperature and density dependence are: 
S = l x T −5 / 4 e n 1 / 2 e 
√ 
χ⊥ 
κ0 
(6)
The exponents found for T e,tar and n e,tar with −1.28 and 0.66 are
close to the theoretical values −1.25 and 0.5 respectively, expected
with parallel electron conductivity and a constant perpendicular
heat diffusivity. 
To test the limitations of such a power law scaling modelling
of heat transport in the divertor region assuming diffusive trans-
port has been performed. These modelling attempts do not include
dissipative processes and are only intended to give a qualitative
picture on how S changes with changing target electron tempera-
ture, they are no substitution for more detailed modelling attempts
which include a more complete set of physical processes [8–10] .
Fig. 1 shows exemplary results of the modelling attempts. It is seenPlease cite this article as: B. Sieglin et al., Density dependence of SOL
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.11.011 hat at high target temperatures ( > 30 eV) the divertor broadening
an be described by a power law, for low temperatures however S
oes not diverge, as would be expected for a power law with neg-
tive exponent, but it approaches a ﬁnite value. The analytic curve
s obtained by integrating the square root of the ratio of the per-
endicular and parallel heat diffusivity along the divertor leg [11] .
or the temperature proﬁle along the divertor leg the two point
odel is used assuming a constant parallel heat ﬂux density. 
 = 
∫ l x 
0 
√ 
χ⊥ 
χ|| 
d l (7)
or constant diffusivities Eq. (5) is reproduced. The reason why S is
pproaching a ﬁnite value is found in the integral, even for a target
emperature of zero, the temperature in the divertor volume is still
ot zero. In absence of volume dissipation, the average tempera-
ure in the divertor is not reduced to zero for zero target tempera-
ures, allowing only for a ﬁnite perpendicular diffusion due to the
emaining parallel diffusivity, resulting in a ﬁnite divertor broad-
ning S . 
The results suggest that this approximation is only valid for
igh divertor temperatures [11] . For low T e,tar the temperature at
he divertor target is not anymore a good qualiﬁer for the diver-
or volume. Modelling shows that for low divertor temperatures,
here the power law scalings [3,5] diverge, the divertor power
preading S approaches a ﬁnite value. This is understood since,
ithout volume dissipation, only part of the divertor volume is
old, because the temperature gradient along the ﬁeld line is large
or low target temperatures. Due to this the power law scalings
3,5] cannot just be extrapolated towards low target electron tem-
eratures. To further increase S the whole divertor volume needs to
e cooled by volume dissipation e.g. using impurity seeding [12] . 
. In/out asymmetry of the power fall-off length 
Most of the studies on the power fall-off length λq have con-
entrated on the outer divertor target with the ion grad B drift di-
ection towards the active X-point in deuterium. Recent studies on
SDEX Upgrade have extended this to both the inner and outer di-
ertor target [4] also including hydrogen and helium as main ion
pecies [5] . The following results were reported for deuterium as
ain ion species. For the open divertor conﬁguration in ASDEX Up-
rade it was found that the in/out asymmetry of the power fall-off power width in ASDEX upgrade L-Mode, Nuclear Materials and 
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Fig. 2. Regression results for λq,o on the outer divertor target for hydrogen, deu- 
terium and helium. 
Fig. 3. Regression results for λq,i on the inner divertor target for deuterium and 
helium. 
p
λ
λ
F  
λ  
t
 
c  
i  
p  
C  
y
 
m
T  
dength is independent on the electron density but is described by
he triangularity of the plasma for [4] which is in line with the as-
umption that vertical drifts are inﬂuencing λq [13] . It was found
hat λq is always smaller for the inner compared to the outer di-
ertor target. For the closed conﬁguration a similar in/out asymme-
ry is observed for low densities with a strong increase of the ratio
q,i / λq,o with density, with λq,i becoming larger than λq,o until the
nner divertor power detaches [5] , in this case meaning that the
ower density is below 100 kWm 
−2 
. Most notably the inner diver-
or power detaches before signiﬁcant volume dissipation occurs in
he divertor region. The increasing λq,i decreases the parallel heat
ux density q ||, 0 for constant total power P div . It is concluded that
he detachment of the inner divertor is accelerated by the increase
f λq,i . The same observation was made for hydrogen but differ-
nces were found for helium [5] . 
.1. Measurements 
In this paper the density range covered by the measurements
as been increased compared to the study made in [5] . The data
resented here is obtained in attached low to medium recycling
ivertor conditions, where volume dissipation is negligible, up to
ower detachment where the heat ﬂux density on the divertor tar-
et is below 100 kWm 
−2 
. For the outer divertor target data using
ydrogen, deuterium and helium as main ion is available, for the
nner target only deuterium and helium is available. 
It is found for the outer divertor target that hydrogen and deu-
erium behave similar with λq,o exhibiting no density dependence
nd for helium showing a weak increase of λq,o with increasing
ensity. For the inner divertor target a strong increase of λq,i is
bserved with increasing density, with λq,i having a smaller ab-
olute value in helium compared to deuterium. The limited den-
ity range could explain the observation in [5] that λq,i does not
ncrease strongly with increasing density, namely the density was
ot high enough. Using non linear regressions the following scal-
ngs for λq,o [mm] are found for the outer divertor. 
q,o,H = 1 . 47 ·
n −0 . 05 
e,edge 
B 0 . 73 
pol 
(8) 
q,o,D = 1 . 33 ·
n 0 . 10 
e,edge 
B 0 . 73 
pol 
(9) 
q,o,He = 1 . 52 ·
n 0 . 49 
e,edge 
B 0 . 73 
pol 
(10) 
For the regression, data for all three main ions has been used.
he same exponent of B pol [T] has been used in the regression for
ll three main ions, resulting in an exponent of −0 . 73 obtained
y the regression. The pre factor and the exponent for the elec-
ron density n e,edge 
[
10 19 m −3 
]
have been used independently for
ach main ion. The dependence on B pol is similar to the depen-
ence found for H-Mode [14] with about twice the absolute size of
q,o in L-Mode compared to H-Mode. For hydrogen and deuterium
he density dependence is close to zero and for helium the density
ependence is close to a square root dependence. The regression
esults for the outer divertor target are shown in Fig. 2 . 
One possible reason for the different density dependence of λq,o 
n hydrogen/deuterium compared to helium could be the different
ecycling behaviour in the outer divertor. 
For the inner divertor the exponent of B pol has been set ﬁxed to
he exponent obtained for the outer divertor target of −0 . 73 since
ess data is available due to the limited operational space where
he inner divertor is attached in L-Mode. The pre factor for deu-
erium and helium have been set independently as well as the ex-Please cite this article as: B. Sieglin et al., Density dependence of SOL
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.11.011 onent for n e, edge . The results are: 
q,i,D = 0 . 58 ·
n 2 . 29 
e,edge 
B pol 
0 . 73 
(11) 
q,i,He = 0 . 58 ·
n 2 . 60 
e,edge 
B pol 
0 . 73 
(12) 
or both deuterium and helium a more than square dependence of
q,i on n e, edge is found. The regression results for the inner divertor
arget are shown in Fig. 3 . 
It is seen that for λq, i, scal > 3 mm the measured λq,i is signiﬁ-
antly larger than the values predicted by the scaling. This could
ndicate that for higher densities the edge electron density of the
lasma is not a valid qualiﬁer for the divertor conditions anymore.
onsidering the scatter of the data it is possible that an additional,
et to be determined, parameter is inﬂuencing λq,i . 
Using these results the density dependence of the in/out asym-
etry λq,i / λq,o is found as. 
λq,i,D 
λq,o,D 
∝ n 2 . 19 e,edge (13) 
λq,i,He 
λq,o,He 
∝ n 2 . 11 e,edge (14) 
he density dependence of λq,i / λq,o is close to quadratic for both
euterium and helium.  power width in ASDEX upgrade L-Mode, Nuclear Materials and 
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Fig. 4. Heat ﬂux proﬁle on the outer divertor target of ASDEX Upgrade with and 
w/o magnetic perturbation. 
Fig. 5. Characteristic lobe pattern in the heat ﬂux proﬁle on the outer divertor tar- 
get for different edge electron densities. 
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t  It is notable that despite the difference in density dependence
the data, especially for the outer divertor target, is described by
the same parametric dependence. 
3.2. Interpretation 
Assuming vertical drifts are responsible for the power fall-off
length λq [1,4,5,13] the following relation is found: 
λq = 2 T v || eZB pol R 
a · ( 1 ± δ) (15)
Where T is the upstream temperature, v || the parallel ﬂow veloc-
ity in the scrape-off layer, Z the effective charge, B pol the poloidal
magnetic ﬁeld, R the major radius, a the minor radius and δ the
triangularity of the plasma. The ratio λq,i / λq,o is found as: 
λq,i 
λq,o 
= 1 − δ
1 + δ ·
v || ,o 
v || ,i 
(16)
For low recycling divertor conditions it is assumed that the diver-
tor acts as a perfect particle sink and that the parallel ﬂow veloci-
ties v ||, i ≈ v ||, o . Under this assumption λq,i / λq,o is only dependent
on δ which is observed for the open divertor conﬁguration [4] and
for the closed divertor conﬁguration in low recycling conditions.
For medium to high recycling divertor conditions the assumption
that the divertor is a perfect particle sink is not applicable any-
more which could explain the observed change of λq,i / λq,o for the
closed divertor conﬁguration with increasing density. 
For the closed conﬁguration in ASDEX Upgrade the inner di-
vertor is currently more optimized to accumulate a high density
compared to the outer divertor. This could be the reason why the
strong increase of λq is only observed on the inner target. For he-
lium the observation is different here λq increases with increas-
ing density for the outer divertor target. The different recycling
behaviour of helium and hydrogen/deuterium could be the reason
for the observed difference in the density dependence of λq . So
far no clear answer can be given of why the power fall-off length
behaves different in helium compared to hydrogen/deuterium. The
processes leading to the recycling of particles in the divertor could
be different due to e.g. different charge exchange cross sections
or in the different mean free path of particles which lead to bal-
istic/diffusive trasnport. Detailed modelling of the divertor condi-
tions in helium and hydrogen/deuterium could help to understand
the underlying differences. 
4. Magnetic perturbation 
The application of external magnetic perturbation (MP) is stud-
ied as a tool to reduce the heat impact of ELMs onto the plasma
facing components [15–17] . Exploiting the high resolution IR ther-
mography [6] and the ability to rotate the external MP in ASDEX
Upgrade [18,19] the full 2D heat ﬂux pattern on the divertor tar-
get has been measured in L-Mode conditions. A detailed overview
of the experiments and the results is given in [20] , a brief sum-
mary is shown here. The main experiments have been conducted
with a toroidal magnetic ﬁeld of B tor = −2 . 5 T and a plasma cur-
rent of I p = 0 . 8 MA with a toroidal mode number of the perturba-
tion of n = 2 in resonant and non-resonant conﬁguration with low
to medium recycling divertor conditions, with a current in the per-
turbation coils of 1.0 kA. In presence of the MP a non axisymmetric
heat ﬂux pattern is observed on the divertor target. The local heat
ﬂux densities can both be lower and higher compared to the ax-
isymmetric case without MP. Toroidal averaging over the 2D heat
ﬂux pattern recovers a heat ﬂux proﬁle which is equivalent to the
axisymmetric case. Most notably λq obtained from the averaged
heat ﬂux proﬁle is the same as for the reference case without MP
within the uncertainty. Fig. 4 shows the poloidal heat ﬂux proﬁlePlease cite this article as: B. Sieglin et al., Density dependence of SOL
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.11.011 ith MP (yellow), without MP (black) and the toroidal averaged
eat ﬂux proﬁle with MP (red). 
It is observed that λq and S do not vary in the presence of
P compared to the reference w/o MP within the uncertainty of
he measurement. The characteristic of the 2D pattern is reduced
ith increasing density. Fig. 5 shows the heat ﬂux pattern with MP
or different upstream edge electron densities. It is seen that for
igher density (red) the excursion of the characteristic lobe struc-
ure is reduced compared to the case with lower density (black).
he toroidal average again reproduces a smooth proﬁle that is de-
cribed by λq and S . 
It is thought that an increased power spreading S with higher
ensity is mitigating the strength of the 2D heat ﬂux pattern, ap-
roaching an axisymmetric proﬁle for large S . This could ease the
equirements to rotate the external MP to prevent local overheat-
ng in large devices like ITER. 
. Conclusion 
It is found that the power spreading in the divertor region is
escribed by the competition of perpendicular heat diffusion and
arallel electron conduction. The ion gyro radius needs to be taken
nto account for large divertor temperatures ( > 30 eV). 
For low recycling divertor conditions an in/out asymmetry of
he power fall-off length λq in a closed divertor geometry is ob-
erved which is similar to early ﬁndings made in open conﬁgura-
ion [4] . These ﬁndings are in line with the drift based model for power width in ASDEX upgrade L-Mode, Nuclear Materials and 
B. Sieglin et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–5 5 
ARTICLE IN PRESS 
JID: NME [m5G; November 28, 2016;10:21 ] 
λ  
d  
w  
c  
d  
s  
s  
f
 
p  
m  
i  
c  
T  
t  
v  
i
A
 
E  
r  
a  
d
R
 
 
 
 
 
 
 
 
 
 
 
 
[  q [13] which predicts an asymmetry of λq,i / λq,o which is depen-
ent on the triangularity of the plasma. For increasing densities
ith increasing divertor recycling the ratio λq,i / λq,o is strongly in-
reasing for both deuterium and helium. It is found that for both
euterium and helium λq,i strongly increases with increasing den-
ity. For the outer divertor target a weak increase of λq,o is ob-
erved for helium and no signiﬁcant density dependence of λq,o is
ound for hydrogen and deuterium. 
One possible explanation for this observation is the decreasing
arallel ﬂow velocity v || in the scrape-off layer. The drift based
odel predicts an increase of λq for decreasing v || . The observed
ncrease of λq could be due to a decrease of v || due to the in-
reased recycling in the divertor region with increasing density.
he in/out asymmetry could be due to the higher degree of op-
imization of the inner divertor target compared to the outer di-
ertor target and the resulting better divertor compression of the
nner divertor. 
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